The effect of ultrasonic treatment on thermal stability of binary systems containing epoxy and organic chemically modified montmorillonite (Cloisite 30B) was studied. Differential scanning calorimetry (DSC), thermal gravimetric analysis (TGA), transmission electron microscopy (TEM), and wide angle X-ray diffraction (WAXD) analysis were utilized. The mixing of epoxy and Cloisite 30B nanocomposites was performed by mechanical stirring, followed by 1 or 3-hour ultrasonic treatment, and polyetheramine as the curing agent. Both XRD and TEM analyses confirmed that the intercalation of Cloisite 30B was achieved. The d 0 spacings for silicate in cured sample prepared at 1-and 3-hour duration of ultrasonic treatment were about 21 and 18Å, respectively. This shows that shorter duration or ultrasonic treatment may be preferable to achieve higher d 0 spacing of clay. This may be attributed to the increase in viscosity as homopolymerization process occurred, which restricts silicate dispersion. The 1-hour sonicated samples seem to be more thermally stable during the glass transition, but less stable during thermal decomposition process.
Introduction
The use of ultrasonic treatment was proven to be feasible in mixing nanoclay in epoxy. The breakup of clay agglomerates can be assisted by the vibration of ultrasonic wave [1] [2] [3] . However, the longer time of ultrasonic treatment may lead to early polymerization and may degrade the properties of nanocomposite due to increased temperature during sonication. The other problem is formation of bubbles in liquid mixture, hence leaving voids in hardened epoxy samples [3, 4] . The size of voids became larger as sonication time increased. Bernard et al. also reported the increase in curing rate for ultrasonically-processed samples.
Epoxy/layered silicate nanocomposites exhibit improved thermal, barrier, and mechanical properties [5] .
It is often stated that the layered silicate can increase the glass transition temperature (T g ) by restricting the epoxy chain mobility. They can also reduce the T g , due to the presence of hydroxyl group in unmodified mica and acidic onium ion in organically modified silicate, which both are capable of acting as a catalyst for epoxy homopolymerization [6, 7] . If this happens, the unreacted curing agent plasticizes the matrix. Kinloch and Taylor concluded that intercalated structure of silicate can improve the T g [8] . Becker et al. found that increasing organoclay concentration is steadily decreased T g [6] .
The improvement in thermal stability of nanocomposites is often mentioned to be attributable to the torturous path for volatile decomposition products. The thermal stability of epoxy increased with the contents of inorganic components, because of the char yield increases [9] . The char layer can protect unburned structure materials during fire. The decrease in thermal stability may be ascribable to the catalytic activity of organoclay on epoxy decomposition [2] .
In this paper, we report the morphology and thermal stability of epoxy clay nanocomposites prepared by the ultrasonic process. 
Experimental

Materials
Diglycidyl ether bisphenol A (DGEBA) epoxy resin, Epikote 828, was obtained from Hexion Specialty Chemicals, Korea. The epoxide equivalent weight was 187 g/mol. The liquid curing agent, Baxxodur TM EC301 (formerly known as Polyetheramine D230), was supplied by BASF. The composition is alpha-(2-Aminomethylethyl)-omega-(2-aminomethylethoxy)-poly(oxy(methyl-1,2-ethanediyl)).
PMMA-grafted natural rubber Megatex 30 was gained from Green HPSP (M) Sdn. Bhd. The organically modified montmorillonite used was Cloisite 30B, purchased from Southern Clay Products, USA. The composition of the modifier is bis (hydroxyl ethyl) methyl tallow alkyl ammonium salts with montmorillonite.
Sample Preparation by Mechanical Stirring and Ultrasonic
Treatment. One hundred grams of bisphenol A diglycidyl ether were added to a stainless steel cup. It was heated to about 55
• C by using a hot plate. This was followed by the addition of 5 phr Cloisite 30B and mechanical stirring at about 50 rpm for about 1 hr. Next, the cup was immersed in ultrasonic bath, Powersonic UB 410, set at medium amplitude and 50
• C for 1 or 3 hours. Then, a stoichiometric amount of the liquid curing agent was added and stirred for about 10 minutes. Finally, the mixture was cured at 40
• C for 20 hours and postcuring was done at 125
• C for 3 hours, in the convection oven.
Transmission Electron Microscopy.
The samples containing rubber were stained with osmium tetroxide for 1 hr before cutting with a Reichert Ultracut E ultramicrotome, utilizing a glass knife at room temperature. The 70-90 nm thick samples were collected on hexagonal 200 mesh copper grids, and the micrographs were obtained from Philips TEM model CM12 with Soft Imaging Viewer software.
X-Ray Diffraction.
To study the dispersion of Cloisite 30B inside the epoxy, X-ray diffraction was conducted at room temperature, using a Bruker AXS D8 Advance Xray diffractometer. The X-ray beam was copper-filtered and radiation generated at operating conditions of 40 kV and 40 mA. The X-ray data were obtained from 2.3
• to 10 • (2θ) at a scan rate of 0.025
• /min. Thin specimens, about 1 mm thick, were analyzed. Cloisite 30B was also characterized to measure the initial d-spacing. The graphs were analyzed using Diffrac Plus (Release 2005) and Eva Version 11 Rev. 0, supplied by Bruker Advance X-ray Solutions.
Differential Scanning Calorimetry Analysis.
The glass transition temperature of cured samples was determined by using Mettler Toledo DSC 822 e . The sample was heated at 10
• C min −1 from 25 to 170
• C. The sample was maintained at that temperature for approximately 2 min, then it was cooled to −20
• C at the rate of 20
• C min −1 to remove any thermal history. The sample was finally rescanned using a modulated heating programme as described above, twice.
Thermalgravimetric Analysis.
The thermal stability of cured samples was studied by utilizing Netzsch STA 449 F3 Jupiter. The sample was heated from 25 to 800
• C at a rate of 20
• C/min, under nitrogen flow. 
Results and Discussion
Transmission Electron Microscopy
X-Ray Diffraction.
From the previous XRD analysis of epoxy silicate nanocomposite prepared by mechanical stirring only, it is indicated that the interlayer spacing of crystalline structure, d 001 , is 19.18Å [10] .
The results of XRD analysis for cured samples prepared by ultrasonic treatment is given in Figure 2 . The d 001 of the epoxy-nanoclay composites prepared with 1 h and 3 h ultrasonic stirring were about 21Å and 18Å, respectively.
The decrease in d 0 upon longer duration of ultrasonic treatment may be due to the higher viscosity of the mixture in turn attributable to homopolymerization of epoxy. The extragallery reaction, which refers to polymerization process, tends to force the clay to get closer. Hence, lower d 0 was obtained for 3-hour sonicated sample.
The slightly higher d 0 for 1-hour sonicated prepared nanocomposite sample may be attributed to easy separation of clay in less viscous mixture. The longer time of ultrasonic treatment will result in increased viscosity of polymer mixture.
Differential Scanning Calorimetry.
The DSC graph and the analysis of T g during the second heating step is illustrated in Figure 3 and Table 1 .
During the first heating process, the 1-hour sonicated sample shows a small exothermic peak around 100
• C. The chemical reactions may occur due to incomplete reactions between epoxy and curing agent during curing process. Furthermore, the exothermic peaks with "stages" can be observed upon cooling to −20
• C. This indicates the polymorphisms of epoxy clay nanocomposites.
It is obvious that epoxy nanocomposite prepared by 1-hour ultrasonic treatment possesses the higher value of T g . The lower T g may be related to restricted segmental motions near the interface between the epoxy chain and Cloisite 30B. The presence of more bubbles in 3-hour sonicated processed sample can lessen the good adhesion between clay and epoxy matrix at its interphase.
In literature, T g can be increased by the presence of bulky side groups, polar groups, double bonds, and aromatic Advances in Materials Science and Engineering groups. The increase in molecular weight can also raise the T g . A high density of branches and crosslinks can reduce the chain mobility and increase the T g [11] . The inflection slope (m g ) can represent the rate of glass transition process. The author found that this parameter is unlikely being reported in any literature. The lower value of m g may indicate the slower rate of glass transition process, hence shows that the material is thermally more stable upon increased temperature. It seems that 1-hour sonicated processed sample has a lower m g . The specific heat increment value (Δc g p ) may represent the increase in rubbery nature of epoxy chain before and after the glass transition process. Lower values of Δc g p indicate more rigid material. The 1-hour sonicated samples seem to be more rigid and thermally stable during the glass transition process. The 3-hour processed sample could have faced degradation of the epoxy matrix upon the longer time of sonication process.
Thermalgravimetric Analysis.
The TGA and DTG diagrams of epoxy nanocomposite samples prepared by 1-and 3-hour sonicated treatment are given in Figures 4 and 5 , respectively. The analysis tabulated in Table 2 .
The multiple peaks at DTG graph, may indicate decomposition of different molecular weight network of epoxy. Furthermore, the presence of clay can disrupt the decomposition process.
The onset of decomposition temperatures for both samples are about 366
• C. It appears that the duration of ultrasonic treatment does not affect the onset decomposition temperature. However, the maximum decomposition rate occurred at higher temperature for 3-hour sonicated samples, indicating that it is more thermally-stable during decomposition process. This may be due to the presence of higher crosslink density and better clay dispersion. The residual weight for both samples is quite consistent, at about 12 wt%.
Summary
The ability of ultrasonic treatment to separate individual silicate in viscous epoxy mixtures was proven, by TEM and XRD analysis. However, longer duration of ultrasonic treatment may not assist the silicate separation, due to the increased viscosity of the mixture during the process. The 1-hour sonicated processed sample possessed higher glass transition temperature, but less thermally stable during decomposition process, compared to the one prepared by 3-hour sonicated process. This may be attributed to the differences in clay dispersion trends, crosslink density, and voids presence inside the sample.
